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One might conclude that in deep submarine environments, where hydrostatic 
pressure is in excess of water's critical pressure, waterlmagma interaction does 
not produce expanding vapor and explosive behavior cannot occur. This conclu- 
sion is supported by the apparent paucity of hydroclastic material in samples 
recovered from deep submarine environments. Analog molten fuel-coolant inter- 
action (MFCI) experiments, however, demonstrate explosive dynamics for condi- 
tions where water is pressurized above its critical pressure before interaction; 
MFCI theory further indicates this explosive potential. Thermodynamic predic- 
tions show that the conversion of thermal to mechanical energy is only high 
enough to support explosive behavior for a narrow range of waterlmagma mass 
ratios. In submarine environments, apparent mass ratios are too high for explosive 
behavior, but effective mass ratios (those determined from the water and magma 
directly involved during interaction) depend upon characteristic times, deter- 
mined by the sound speed of the water and interface geometry. At high pressure, 
a supercritical fluid film grows at the waterlmagma contact surface and can 
become unstable. With instability the film oscillates, rapidly expanding and col- 
lapsing, with a periodicity of milliseconds or less. Each film collapse imparts 
kinetic energy into the magma, causing magma fragmentation, especially where 
quench contraction has weakened the magma. With fragmentation more magma 
surface area is exposed to water, and the film growth/collapse process escalates. 
When perturbed by some external pressure wave, the unstable film is prone to a 
detonation-like phenomenon that causes rapid, localized vapor expansion even at 
high ambient pressure. 

1. INTRODUCTION 

The earth's oceans cover over 60% of its surface; hence, 
much of earth's volcanism and volcanic products are hidden 
from direct view by deep water. Deep seafloor observations 
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by submersible vessels have provided visual and sample 
documentation of only a miniscule portion of submarine 
volcanic terrain, and likewise, seafloor drilling samples rep- 
resent only an insignificant portion of the volcanic products 
thought to underlie much of the deep ocean basins. 
Submarine volcanism is significant not only because of vol- 
ume considerations but also because magma is known to 
interact dynamically with water. Called hydrovolcanism in 
general, volcanism involving contact of magma with exter- 
nal water occurs in a wide variety of environments and 
exhibits a range of eruptive phenomena from passive lava 
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quenching to development of extensive hydrothermal 
systems to enormous explosive eruptions, characterized by 
production of steam in vapor explosions. In all cases of 
hydrovolcanism that have been observed, steam production 
is a key phenomenon that signifies the interaction. 

Submarine hydrovolcanism [Bonatti, 19671 occurs within 
deep (>200 m) saline water [Honorez and Kirst, 19751 as 
opposed to shallower (<200 m) epeiric and littoral hydro- 
volcanism [ Wentworth, 1938; and Mattox and Mangan, 
19971. This type of volcanism is thought to be most com- 
mon at oceanic spreading centers and on large submarine 
volcanoes that form flat-topped guyots [Cotton, 19691, con- 
sisting of pillow basalts and hyaloclastites, which are the 
angular, glassy shards formed by rapid quenching of magma 
during its interaction with external water in a subaqueous 
environment. 

Whereas shallow submarine to littoral eruptions are 
known to be capable of explosive behavior (e.g., Myojin 
Reef in 1952; Capelinhos in 1958; Surtsey in 1963) explo- 
sive hydrovolcanic eruptions in the deep submarine envi- 
ronment (>2000 m) have not been directly observed but 
only surmised from observations of deep seafloor hyalo- 
clastites and related phenomena [Lonsdale and Batiza, 
1980; Batiza et al., 1984; Haymon et al., 1993; Clague et 
al., 2000; and Clague et al., this volume]. Smith andBatiza 
[I9891 found that hyaloclastite deposits occur commonly 
around summits of seamounts near the East Pacific Rise, 
showing evidence of hydrovolcanic but not necessarily 
explosive origins. In some cases these deposits of hyalo- 
clastite resemble deposits of pyroclastic density currents 
that have spread out from unidentified vents; these have 
been termed sheet hyaloclastite, and their origin is inter- 
preted as disruption of lava flows by water-saturated sedi- 
ments trapped beneath them [Maicher et al., 2000; and 
Maicher and White, 20011. 

Smith and Batiza [I9891 incorrectly concluded (as will be 
shown later) that water's reduced volume expansion at 
depths >2300 m prevents steam explosivity; however they 
did support the idea of explosive mixing of magma and sea- 
water, presumably by cooling-contraction granulation caus- 
ing high rates of heat exchange. 

Haymon et al. [1993] made observations of an eruption 
on the seafloor that included phenomena such as bottom- 
water murkiness caused by suspended particulates, near- 
critical temperature and low salinity vent fluids, and venting 
of white vapor that transformed to gray smoke above the 
vent. Those authors discussed these observations as possible 
evidence for explosive activity, but they misinterpreted the 
lack of cuspate shapes among the blocky, angular shards 
they collected as not diagnostic of phreatomagmatic erup- 

tion (hydrovolcanism within the zone of saturation), when 
in fact they are. However, they did mention the shards' sim- 
ilarity to explosive hydrovolcanic ashes, which seems con- 
tradictory if not just a terminology problem. 

Kokelaar [I9861 defined four classes of subaqueous clas- 
tic volcanism, including: magmatic explosivity, contact-sur- 
face steam explosivity, bulk interaction steam explosivity, 
and cooling-contraction granulation. These definitions are 
strictly qualitative and thus somewhat ambiguous in physi- 
cal application, but Kokelaar [I9861 provided a guide for 
the depth limitation of these classes. However, those depth 
limitations appear to be simplistic and not filly representa- 
tive of magmatic processes [e.g., Dudhs, 19831 or hydro- 
volcanism (as will be discussed). For example, Kokelaar 
[I9861 limited bulk interaction steam explosivity to depths 
at which hydrostatic pressure is less than water's critical 
pressure, based on his interpretations of experiments and 
observations, but he did not provide hydrodynamic justifi- 
cation for this limit. 

Because observed explosive hydrovolcanism is always 
associated with production of vast quantities of steam and 
the explosive energy is thought to be derived from the ther- 
modynamic work of steam expansion, an important ques- 
tion arises about the effects of ambient pressure in the deep 
submarine environment below a depth of 2200 to 3000 m 
(depending on salinity), where hydrostatic pressure is 
greater than the critical pressure of seawater. Over the last 
40 years many workers have followed stipulations posed by 
McBirney [I9631 and assumed that supercritical ambient 
pressure precludes the formation of steam, and thus explo- 
sive dynamics are not possible. Because the hydroclastic 
products (hyaloclastite) that result from magma fragmenta- 
tion associated with explosive interaction are rarely 
observed in deep sea cores (although on seamounts they 
may be common) and pillow lavas are typically observed, 
one may conclude that high hydrostatic pressure in the deep 
submarine environment does in fact make explosive inter- 
actions unlikely or impossible. 

One must also recognize that not all tephra produced by 
deep submarine eruption are hydroclastic. The magmatic 
mechanism of tephra production may also be important. 
Bumham [I981 and 19831 points out that volatile-con- 
stituent exsolution that occurs because of crystallization 
(second boiling) or rapid pressure decrease (e.g., by failure 
of vent rocks surrounding a submarine conduit) can produce 
volume increases up to 50% or more even at ambient pres- 
sures of 50 MPa (-5 krn depth). The thermodynamic work 
caused by this volume increase has the potential for explo- 
sive release, and it may account for extensive magma frag- 
mentation such as that indicated by the volcanic products 
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associated with Kuroko ore deposits [Tanimura et al., 
19831, which formed in deep water (up to 3500 m). Such 
findings are also emphasized by Dudas [1983]. 

In a treatment complimentary to the broad overview and 
discussion of deep submarine pyroclastic eruptionsrecently 
published by Head and Wilson [2003], this paper focuses on 
experimental results and theoretical considerations that bear 
on whether or not hydrovolcanism in the deep submarine 
environment can produce explosive magma fragmentation. 
A working definition of explosion is the sudden and rapid 
production of gas, heat, noise, pressure, and in many cases, 
a shock wave. Two basic types of explosion are: (1) deto- 
nation, which is a supersonic propagation of a combustion 
wave that causes nearly instantaneous vapor release and 
expansion; and (2) deyagration, which is a rapid but sub- 
sonic propagation of a combustion wave. For certain cir- 
cumstances, the word combustion can be replaced by vapor- 
ization in these definitions of explosion. 

In the following discussions of explosive submarine 
hydrovolcanism, I first discuss aspects of the deep subma- 
rine environment that play an important role, namely the 
mode of magma extrusion, the compositional effects of sea- 
water, and water's thermodynamic behavior and variability 
near the critical point (or critical curve for seawater, see 
below). Although many molten fhel-coolant interaction 
(MFCI or FCI) experiments [e.g., Zimanowski et al., 1997al 
are not directly linked to the high water abundance and 
hydrostatic pressure conditions in deep submarine environ- 
ments, those discussed in this paper do include these impor- 
tant links. Pertinent MFCI experiments help establish the 
potential for explosive behavior that can then be considered 
in light of waterlmagma interaction physics. The physics are 
complex and in no way can be completely addressed in this 
paper, but following on previous studies of hydrovolcanism 
[e.g., Sheridan and Wohletz, 19831 the important parameters 
of waterlmagma mass ratio and confining pressure will be 
specifically addressed. Other theoretical aspects to be con- 
sidered are the pressure- and temperatwe-dependent ther- 
mal equilibrium between magma and water, the hydrody- 
namic behavior of supercritical water in response to pres- 

2. THE DEEP SUBMARINE 
HYDROVOLCANIC ENVIRONMENT 

Two fundamental aspects of the deep submarine hydro- 
volcanic environment are the magma and the seawater. For 
the magma its composition and extrusion rate determine 
how it is introduced to the seawater. For the seawater its 
phase relationships and thermodynamic properties are 
important. An additional consideration is the quantities of 
magma and water that are directly involved during a sub- 
marine eruption. 

2.1. Magma 

Because of the mechanics of seafloor spreading and hot 
spot volcanism, basaltic compositions are found to domi- 
nate the deep submarine environment; however, silicic 
compositions also exist, especially in arc settings but also 
along spreading ridges as well [Stoffers et al., 20021. Four 
generalized modes of magma extrusion are schematically 
portrayed in Figure 1, but these are by no means compre- 
hensive. Depending upon the flow rate of magma within a 
conduit below the seafloor, the violence of the eruption, and 
the magnitude and rapidity of magma and fluid volume 
changes, seismic disturbances may accompany extrusion. 
All of these factors are important when considering the 
dynamics of waterlmagma interaction. 

For mafic (basaltic) magmas, one can consider two end- 
member extrusion types: (I) slow extrusion rates that tend 
to form lava flows whose thickness is largely controlled by 
rheological properties (Figure la); and (2) fast extrusion 
rates that tend to produce a fountain-like structure (Figure 

sure fluctuations, and the role of detonation physics in 
explosive vaporization. 

Overall, the reader should consider this topic an "open 
book" and realize the limitations of geological observations 
as well as those of theory and experimentation. In doing so, 
I hope that the discussions presented help set a basis for 
future observational and diagnostic studies of submarine 
hydrovolcanism, stimulate open mindedness to the realm of 
possibilities, and promote the idea that the problem is not Pigure 1. Schematic illustration of four hypothetical modes of 
easily constrained. deep submarine extrusion. 

Entrapped saturated 
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lb). For fast extrusion rates, magma's volume change by 
crystallization and volatile exsolution may play a role, and 
the motion of the extruding magma is typically vertical, 
causing it to rise like a fountain above the seafloor before 
gravitation forces cause it to settle downward. During its 
relatively rapid rise from the seafloor, shear stresses on the 
surface of the magma fountain may exceed surface tension 
resulting in tearing and separation of magma globules and 
smaller fragments [cf. Head and Wilson, 20031. The larger 
globules then may cascade to the seafloor, producing a kind 
of spatter rampart around the vent, whereas smaller frag- 
ments may be entrained in convectively rising seawater that 
is heated by the magma. These smaller fragments produce a 
shroud around the fountain, perhaps resembling the fluid 
issuing from black smokers at spreading-center hydrother- 
mal vents. 

Silicic magmas can contain significant portions of dis- 
solved volatiles. During extrusion, magma volume may 
change significantly by crystallization and volatile exsolu- 
tion. Crystallization caused by magma cooling and extru- 
sive pressure release promotes volatile oversaturation and 
exsolution. This process has been well described for the 
submarine environment by Burnham [1983]. The mechani- 
cal work involved with magma volume changes results in 
magma fragmentation by both brittle and viscous processes. 
In this fashion an extruding dome of viscous silicic magma 
may develop a carapace of hyaloclastite (Figure lc). If the 
volatile oversaturation is high and extrusion dynamics (such 
as abrupt failure of confining conduit walls) promote a cat- 
astrophic decompression of magma, a vent may erupt a 
column of supercritical fluid and magma fragments (Figure 
Id). As the column rises, the fluid expands and produces 
momentum that allows further decompression within the 
conduit, prolonging the eruption. 

2.2. Seawater 

Seawater is a solution dominated by the presence of salts 
(mostly NaCl), and its thermodynamic behavior can be 
approximated by the two-component system of pure water 
and NaCl. Figure 2a illustrates a P-T phase diagram for the 
system NaC1-H20 that shows phase boundaries of the pure 
components and projections of the phase boundaries for 
intermediate compositions. The salinity of seawater results 
in critical behavior not occurring at a single point but along 
a curve that connects the critical points of the two pure end- 
members. These phase relationships show that at any tem- 
perature two fluid phases can coexist and a single critical 
point does not exist if solid NaCl is present. Depending 
upon local salinity, critical behavior occurs at pressures and 
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Figure 2. (a) Pressure-temperature diagram for the system NaCl- 
H20 adapted from Krauskopf [1967] fiom experimental data from 
Sourirujan andKennedy [1962]. This diagram is an overlay for the 
pure H20 and NaCl endmembers (dashed lines). The solid lines 
(bold are experimental data) schematically represent the phase 
boundaries connecting the pure endmembers. T, and C, denote 
the triple point and critical points of H20 respectively; T, and C, 
those points for NaCl. (b) The two-phase curve for standard sea- 
water (3.2% NaCl) as a function of pressure and temperature, 
based on data from Bischoff and Rosenbauer [1984]. Note that in 
this plot, pressure increases downward. The solid curve designates 
the boundary where pure water and seawater boundary are nearly 
coincidental. The boundary for pure water terminates at its critical 
point, whereas the boundary for seawater extends (dashed curve) 
to its respective critical point, along which it separates the stabili- 
ty regions of liquid and a mixture of low-salinity vapor and liquid. 
The phase boundary extends (dotted curve) fiom seawater's criti- 
cal point to higher temperature and pressures, separating the liquid 
region from that of a mixture of high-salinity vapor and brine. 

temperatures elevated from those of pure water (22 MPa 
and 647 K) to values approaching -30 MPa and -680 K for 
seawater with a salinity of 3.2 wt% NaCl [BischofS and 
Rosenbauer, 19881, and critical pressure is expected at a 
depth of -3 km in the submarine environment. Also, Figure 
2a shows that as seawater is heated, solid NaCl is precipi- 
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tated, which may greatly affect vapor nucleation [cf. White, 
19961. 8 

The two-phase boundary of seawater [Bischoff and 
Rosenbauer, 19841 is similar to that of pure water for sub- 
critical conditions in pressure-temperature space (Figure 
2b), but unlike pure water, it does not end at the critical 
point, but projects nearly linearly to higher pressures and 4 

temperatures (-680 K at 30 MPa to -750 K at 50 MPa). 
Below the critical point the two-phase region of seawater 2 

consists of liquid and low-salinity vapor, and above the crit- 
ical point it consists of brine and high-salinity vapor. These 
phase relationships indicate that a vapor phase can exist in O 300 500 700 900 1100 1300 300 500 700 900 1100 1300 

seawater at supercritical pressures. Temperature (K) Temperature (K) 

Another effect of the dissolved solids in seawater is a 
decreased heat capacity compared to that of pure water. This 
effect can be approximated [Buntebarth and Schopper, 
19981 as: 

where Cw and C, denote the constant volume heat capacities 
of pure water and dissolved constituents respectively and xw 
is the pure water mass fraction. Dissolved solids in seawa- 
ter range fiom about 0.7 to 4.5% by mass with the standard 
average being 3.5% [Turekian, 19681. Using Eq. (1) the heat 
capacity of seawater (C,,,,) is several percent lower than that 
of pure water; however, as discussed below, since the heat 
capacity of pure water varies by approximately a factor of 2 
over most of the range of pressure and temperatures typical 
of hydrovolcanism, the bulk heat-capacity effect of d s -  
solved solids in seawater is relatively small. The following 
discussions assume that heat capacity and phase transition 
effects of seawater have offsetting effects for situations of 
rapid heating such that pure water provides a workable 
proxy. 

Because waterlmagrna interaction can result in a relative- 
ly high-pressure and high-temperature water phase, it is 
important to consider the variability of water near critical 
point (curve) conditions. Figure 3 illustrates the variation of 
heat capacity, viscosity, and expansion coefficients at 30 
and 60 MPa, analogous to deep submarine environments at 
about 3000 and 6000 m depth, respectively. Note that heat 
capacity, viscosity, and the isobaric expansion coefficient 
vary rapidly in the range 600-800 K, near water's critical- 
point temperature (647 K). This means that small changes in 
temperature produce large changes in properties that deter- 
mine how water behaves thermodynamically and hydrody- 
namically. If large thermal gradients exist near the contact 
of water with magma, which is to be expected in hydrovol- 
canism, then high pressure and velocity gradients will also 

Figure 3. Variation of physical properties of water at 30 MPa 
(-3000 m depth) and 60 MPa (-6000 m depth) as a function of 
temperature. The symbols and units for the curves are: a-isobar- 
ic expansion coefficient (103 K-I); d k p r e s s u r e  coefficient 
[(dpldt),; 10-2 MPa K-l] where Pis the isothermal expansion coef- 
ficient; +kinematic viscosity m2 s-l); and +the constant 
pressure heat capacity (4.184 x kT kg1 K-1). Note the sharp inflec- 
tions and discontinuities apparent near the critical temperature. 

exist, and perturbations in water movement result in the 
likelihood of hydrodynamic instability. For example, a 
supercritical fluid subjected to small pressure perturbations 
may tend to oscillate [Greer and Moldover, 198 11 in densi- 
ty between liquid and vapor states (e.g., growth and collapse 
of vapor bubbles). The speed at which water flows from 
higher to lower pressure regimes depends not only on the 
magnitude of the pressure gradient but also on its viscosity; 
rapid viscosity fluctuation may enhance or dampen convec- 
tive currents. It is a chaotic thermal-hydraulic system that 
has received considerable attention for over two decades 
fiom nuclear engineers concerned with coolant flow stabil- 
ity in nuclear reactors [e.g., Ruggles et al., 1989 and 19971. 

2.3. Water/Magma Interaction 

Interaction of water with magma involves heat transfer 
from the magma to the water and chemical species migra- 
tion driven by solution and precipitation. In submarine envi- 
ronments, the mass of water present typically exceeds that 
of magma by orders of magnitude, such that heat transfer 
produces only localized water temperature and composi- 
tional gradients that rapidly dissipate. However, the amount 
of water that dynamically interacts with the magma can be 
quite variable. Where water becomes entrapped by magma 
either within the vent conduit, beneath lava flows (as wet 
sediment), or by engulfment during rapid extrusion, the 
mass of magma may exceed that of water during interaction. 
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On the other hand, at lava flow top surfaces, convective cur- 
rents might involve a much larger mass of water than that of 
magma, promoting passive interaction. The chemical 
dynamics of waterlmagma interaction are very important to 
the evolution of seawater and hydroclast compositions; 
however the physical dynamics are the focus of this paper. 

3. MOLTEN FUEL-COOLANT 
INTERACTION EXPEMMENTS 

Peckover et al. [I9731 gave the first published accounts of 
molten fuel-coolant interaction in submarine volcanic 
explosions. Their work closely followed Colgate and 
Sigurgeirsson b [I9731 study of the MFCI explosive hazard 
of lava-flow diversion by quenching it with water. In 1976 
after discussions with Stirling Colgate, I began MFCI 
experiments as analogs for water/magma interaction [e.g., 
Wohletz, 1980; Wohletz and McQueen, 1984; and Wohletz et 
al. 19951, drawing on the expertise rapidly developing in 
the fields of nuclear and mechanical engineering in applica- 
tion to nuclear reactor safety [e.g., Buxton and Benedict, 
19791. Bernd Zimanowski and his colleagues began similar 
experimentation in the mid 1980s, and they continue a very 
fruitful MFCI experimental program to the present time 
[e.g., Zimanowski et al., 1986, 1991, and 1997al. These 
experiments demonstrate a wide range of dynamic phenom- 
ena caused by the interaction of a melt (fbel) with water 
(coolant). Experimentation has also shown that confining 
pressure likely plays an important role in controlling the 
nature of the phenomena. One must consider the limitations 
of such experiments in reproducing the submarine environ- 
ment, and such limitation concern the experimental design 
(geometry) and method by which the melt is introduced to 
the water. In this light, the MFCI experiments conducted by 
Wohletz et al. [I9951 and Zimanowski et al. [I991 and 
1997al have notable differences, and thus experimental 
results have distinct contrasts, but general similarities per- 
sist nonetheless. For the following discussions, I focus on 
the Wohleb et al. [I9951 results, noting that Zimanowski 
[this volume] has different conclusions, based on his exper- 
imental results. 

Previous papers [ Wohletz et al., 1995; and Wohletz, 20021 
have addressed the adequacy of using a thermite melt as a 
basalt analog and for study for the initial seconds of 
waterlmelt interaction. Melt temperature, density, viscosity, 
enthalpy, and surface tension are important factors, and the 
thermite analog is similar to basalt except its enthalpy is 
about 3 times that of basalt. A second consideration for 
application of these experimental analogs is the manner by 
which high pressure is attained prior to waterlmelt interac- 

tion; the experiments are self-pressurized, which will be dis- 
cussed later. Finally, experimental results have shown that 
the bulk waterlmelt mass ratio appears to be a primary fac- 
tor controlling the dynamics of the interaction. For subma- 
rine volcanism, this ratio is apparently very high, but the 
actual amounts or water and magma contributing to an 
interaction may be strongly dependent upon the control vol- 
ume considered. The following experimental results for 
high waterlmelt ratios (assumed to be analogous to subma- 
rine conditions) have important bearing on understanding 
factors that control interactions in an environment where the 
volume of water is much greater than that of magma. 

The water-box experiments [ Wohletz et al., 19951 utilized 
Plexiglas box of -1-m width, length, and height (Plate 1). 
Thermite was placed within the box in a steel canister stack, 
-0.3 m in diameter, -1 m in height, and containing -100 kg 
of thermite. The box was then filled with about 900 kg of 
water, giving a high water/melt ratio. After the thermite was 
ignited and became fully molten, it eventually melted 
through the canisters and contacted the water. The ensuing 
waterlmelt interactions lasted a number a minutes, dominat- 
ed by flow of molten globs of melt at the base of the box and 
ballistic, Strombolian-like activity near the top of the box 
(Plate 2). These experiments varied in their violence with 
time, and one that displayed mild Strombolian play for sev- 
eral minutes ended abruptly in a violent Surtseyan-like 
blast. Investigation of the products from these experiments 
showed that less than half of the thermite melt formed pil- 
low-lava-like globs that remained within the box and the 
rest was fragmented to scoriaceous, centimeter-sized frag- 
ments mostly ejected out of the box. These experiments not 
only demonstrate the quenching ability of water at high 
interaction ratios but also the variability of interaction vio- 
lence, depending on the location of the interaction at the 
base of the box (passive) or at the surface of the water 
(mildly explosive). However, these experiments did not 
address the effects of hydrostatic pressure, which will be 
covered in the following results for high pressure experi- 
ments. 

In a review of experiments [ Wohletz et al., 19951 that best 
simulate high hydrostatic (confining) pressure, strong evi- 
dence is given for the potential of supercritical explosion in 
MFCI phenomena. Those experiments involved the use of a 
confinement vessel (Plate 3) that allowed development of 
supercritical pressure prior to burst. Pressure vessels of sev- 
eral sizes were used, and they contained from 3 to 90 kg of 
molten thermite in which quartzo-feldspathic sand was 
mixed to more closely simulate basaltic compositions. 
Water (typically one-quarter to one-third the mass of ther- 
mite) filled the base of the vessels, separated from the ther- 
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Plate 1. Photograph of the water box experiment, consisting of a Plexiglas box about 1 m on a side, filled with water, 
and enclosing a cylindrical container of thermite, prior to ignition. 

Plate 2. Photograph of a water box experiment in action. The interaction ejected centimeter-size fragments of molten 
thermite is ballistic trajectories like a Strombolian eruption. At the same time, not visible in this picture, molten globs 
of thermite spread like pillow lava over the floor of the box. 
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mite above by an aluminum plate. The melting process ini- 
tiated at the top of the vessel and proceeded downward until 
the molten thermite perforated an aluminum plate and then 
directly contacted water. This design simulated the rise and 
injection of magma onto the seafloor by utilizing gravita- 
tional force of the melt. Although this design is inverted 
compared to natural systems, a vent pipe was used in some 
experiment designs; it extended from the vessel top into the 
water compartment and insured that the release of water 
pressure was not impeded by the melt. A burst valve at the 
bottom of the vent pipe allowed pressure to rise to a speci- 
fied level prior to onset of vapor expansion. 

Plate 4 shows a supersonic jet of melt fragments and 
superheated steam rising >30 m above the experimental 
vessel and a plume of micrometer-sized dust (quenched 
melt fragments) convectively rising above the jet. This 
example illustrates the typical burst phenomena for high- 
pressure experiments. Example pressure records from high- 
pressure experiments are displayed in Figure 4. In order to 
interpret these pressure records, several aspects of this 
experimental design must be mentioned, and these consid- 
erations clarify the analogy to submarine hydrovolcanism. 
The zero-time for the pressure records is arbitrary, since the 
time required for the thermite to become fully molten and 
contact the water varied among the experiments. Important 
to this experimental design is that pore-gas expansion dur- 
ing thermite melting contributed much of the vessel pres- 
surization prior to the contact of the melt with water; it also 
led to premature vent failure in some experiments for which 
the ejected debris showed lumps and clots typical of incom- 
plete interaction. The time of burst (vapor explosion) is 
marked by the rapid pressure decline, as confirmed by cin- 
ematography. Typically, the thermite gradually pressurized 
the system in -1 s prior to contacting the water, after which 
the pressure rose precipitously in a few milliseconds before 
bursting. 

Difficulties in monitoring pressure in these experiments 
include gauge damage by the violence of the interaction 
(Figure 4a) and gauges recording different pressure histo- 
ries at different positions within the vessel (Figure 4b). 
Figure 4a shows results for an experiment where one pres- 
sure gauge showed little or no response (damage confirmed 
by post-experiment examination) while another gauge 
recorded a pressure of approximately 35 MPa prior to burst. 
Figure 4b shows an initial burst (dashed curve) occurred at 
the designed bursting pressure (6.8 MPa) and a secondary 
burst occurred -0.5 s later at -9 MPa. This double-burst was 
recorded by another transducer as a single event that 
reached a pressure of 23 MPa, demonstrating that interac- 
tion pressure is not the same for all locations in this dynam- 

ic system, possibly a manifestation of multiphase effects 
and multiple shock-wave domains. Figure 4c shows the 
interaction pressure rapidly rising to >50 MPa approximate- 
ly 0.5 s before the major burst. A small pressure spike -0.1 
s before the main pressurization likely reflects an initial 
vapor-film growth and collapse event before wholesale 
interaction occurred, while the third pressure spike was an 
event caused by residual water and melt in the vessel after 
the main burst. Figure 4d records burst at 23 MPa just above 
critical pressure. Figure 4e shows bursting from pressure 
exceeding 60 MPa, whereas Figure 4f records bursting at a 
pressure just below critical. It is important to note that the 
time scale for these pressure plots is too large to show detail 
of the pressure history caused by waterlmagma interaction 
just prior to burst. Our interpretations of many pressure 
records is that once full waterlmelt interaction begins, pres- 
sure builds to its maximum within a few milliseconds or 
less before burst. This means that for these experiments full 
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Figure 4. Example pressure records from MFCI experiments 
designed to study interaction at high confining pressure. Dashed 
and dotted curves are records from multiple pressure transducers. 
The designed bursting pressure for these examples are (a) 16.3 
MPa, (b) 6.8 MPa, (c) 16.3 MPa, (d) 3 5.7 MPa, (e) 35.7 MPa, and 
(f) 16.3 MPa. For the example shown in d, the pressure records do 
not show the experiment reached designed burst pressure even 
though burst did occur as shown by the rapid pressure fall off; this 
behavior was later found to be caused by failure of the burst 
diaphragm thermal insulation. 
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Plate 3. Confinement vessel being pressure-tested. The vessel is about 1 m high and 0.4 m in diameter. The central vent 
tube (-0.lm diameter) visible at the vessel top extends to the base of the cylinder into a compartment holding water with 
the thermite place above. The base of the vent tube is sealed with a burst diaphragm welded in place. Burst diaphragms 
were constructed from aluminum plates and machined with crossing grooves, the depth of which determined the burst 
strength. These diaphragms (also calledpetal valves because their failure resembled the opening flower petals) were cal- 
ibrated by the above pressure test, and the maximum confinement design was 35.7 MPa. 

Plate 4. A supersonic jet of molten thermite dust and superheated steam vents to heights of >30 m fiom an experimen- 
tal vessel about 1 m high (just visible in the far right photograph). These images display the violence of high-pressure 
interaction of water with melt. 
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interaction and bursting are nearly simultaneous events and 
most of the interaction occurred near the peaks of the pres- 
sure curves shown in Figure 4. 

General results indicate that experiments designed to 
pressurize above critical pressure did in fact show explosive 
interaction. A smaller fraction of the high-pressure experi- 
ments attained explosive interaction than did low-pressure 
ones; however, those high-pressure experiments that 
exploded, did so with markedly increased energy [ Wohletz 
et al., 19951. These experiments also showed maximum 
pressure well in excess of designed burst pressure, indicat- 
ing pressure grew faster than it could be relieved, a shock- 
wave phenomena. Two other general results are noted but 
not well understood. When designed confining pressure was 
>35 MPa, experiments showed exponential increases to 
supercritical pressures in less than a second prior to vapor 
explosion (commencement of rapid expansion), whereas 
those confined at pressures near critical showed slower rises 
and lower maximum pressures. Overall these experiments 
demonstrate that not only can waterlmelt interaction pro- 
duce supercritical burst pressures, they can also occur where 
confining pressure is supercritical prior to burst. 

4. THERMODYNAMICS AND 
WATERIMAGMA MASS RATIOS 

The waterlmelt mass ratio, R, was experimentally identi- 
fied by Wohletz and McQueen [I9841 as an important con- 
trol of interaction dynamics, determining the violence of the 
interaction and whether it is explosive or not. Although R is 
difficult to quantify in nature [cf. White, 19961, thermody- 
namic predictions at atmospheric pressure and numerous 
semi-quantitative and qualitative observations for near-sur- 
face environments support this theory [e.g., Wohletz, 19861. 
In order to apply this theory to the deep submarine environ- 
ment, one can adapt thermodynamic calculations for high 
ambient pressures. 

Where careful and detailed observations constrain magma 
and water flux, such as in a terrestrial setting of a known 
aquifer and a witnessed eruption [e.g., Ort et al., 20001, 
inferred values of R for various phreatomagmatic eruption 
types fit quite closely with thermodynamic predictions. The 
abundance of pillow lava in submarine settings also qualita- 
tively supports experimental results. However, where water 
is abundant, it is difficult to establish constraints on just 
how much of it actually interacts with erupting magma. 
Thus for the submarine environment, only apparent mass 
ratios (those ratios unconstrained by a defined control vol- 
ume) can be determined (R >> 10). From the aforemen- 
tioned experimental evidence and by the theory to be pre- 

sented, such mass ratios are much too high to explain explo- 
sive interactions in the submarine environment. As dis- 
cussed earlier, the actual involvement of seawater with 
magma may be influenced by partial or full enclosure of a 
volume of water by magma, in which cases the effective 
mass ratio (a mass ratio that measures the actual amounts of 
water and magma involved in heat exchange) may be 4. 

4.1. Hydrostatic Pressure Effect 

The approach to calculating the thermodynamic work 
produced by waterlmagma interaction involves three pri- 
mary assumptions, based on the Hick-Menzies [I9651 
approach as discussed by Wohletz [I9861 and Wohletz et al. 
[1995]. These assumptions are: (1) during interaction water 
can be treated as a single-component (pure) substance; (2) 
water and magma reach an initial equilibrium temperature 
at nearly constant volume prior to expansion; and (3) the 
expansion phase can be approximated by two thermody- 
namic cases. These thermodynamic cases are: (1) isentropic 
fluid in which the water expands at constant entropy as an 
idealized "frictionless" adiabatic process; and (2) isentropic 
mixture in which the water expands while being continu- 
ously heated by magma fragments enclosed by the water. 
For brevity I will refer to these two cases as fluid and 
mixture, respectively. Whereas Kieffer and Delany [I9791 
critically assess isentropic fluid decompression within a 
geological context, there is little precedence for evaluation 
of isentropic mixture decompression in this context. Self 
et al. [I9791 suggested using the term isothermal for the 
nearly constant-temperature expansion of vapor in contact 
with tiny magma fragments. This terminology, which 
Wohletz [I9861 and Wohletz et al. [I9951 attempted to fit to 
MFCI, implies the assumption that the mass of fragments 
greatly exceeds that of the vapor and heat transfer over the 
large surface area of the fragments is fast enough to keep the 
vapor at nearly a constant temperature during expansion. 
For waterlmagma interaction where R and hagment size can 
vary over an order of magnitude, the isothermal terminolo- 
gy does not strictly apply. 

The initial equilibrium and expansion assumptions are 
idealizations that allow one to constrain the maximum pres- 
sure, temperature, and volume that water attains during 
interaction. Certainly many factors limit the validity of 
these assumptions, and these factors include most notably 
the time scales on which heat transfer and phase separation 
occur. If water expands and separates from the magma heat 
source prior to reaching initial thermal equilibrium with the 
magma, then the interaction thermodynamic work will be 
minimized. Although this possibility is best modeled by the 
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fluid expansion case, that model still assumes an initial ther- 
mal equilibrium. On the other hand, the mixture expansion 
case assumes no separation of water fiom the magma dur- 
ing expansion, and thus, it is difficult to constrain for a sit- 
uation where the initial thermal equilibrium does not occur. 

Heat transfer between the magma and water is dominated 
by conduction and convection; the thermal absorption coef- 
ficient of water is too low for effective radiative heat trans- 
fer within a control volume, except in certain cases of film 
boiling [Dinh et al., 19981. Experiments show that 
waterlmelt interaction can involve a commingling phenom- 
enon that occurs prior to thermodynamic expansion and 
flow. This commingling involves the rapid breakdown of 
the melt into a mixture of fine particles with water that has 
been called an explosive premixture. The melt fiagmenta- 
tion in this premixture produces the high surface areas need- 
ed for heat transfer rates fast enough for thermal equilibri- 
um to occur before expansion. The premixture also pro- 
motes thermodynamic expansion of the water in intimate 
contact with fine melt particles, as modeled by the mixture 
case, which predicts an upper limit for thermodynamic work 
production. If during expansion the water separates from the 
melt particles, then the Juid case applies and provides a 
measure of the lower limit for thermodynamic work pro- 
duction. As shown later, for deep submarine conditions 
where ambient pressure is high, mixture expansion may be 
a necessary condition for explosive behavior. 

Based on the assumptions above, some thermodynamic 
predictions (Appendix A) highlight the potential effects of 
waterlmagma mass ratio and hydrostatic pressure on inter- 
action dynamics. Figure 5 shows details about calculated, 
pre-expansion, equilibrium conditions and the thermody- 
namic paths for expansion for the jluid and mixture cases. 
For the following examples, water is at 277 K (near its dens- 
est state) and the magma is basaltic (-1 500 K) because it is 
volumetrically dominant in the deep submarine environ- 
ment. Similar results are expected for much less common 
silicic magmas. Silicic magmas have lower extrusion tem- 
peratures than the basalt considered here, and about 75% of 
its heat content [Wohletz, 20021, with the differences having 
a corresponding effect on results presented here. 

Figure 5a shows that calculated initial equilibrium states 
are a strong function of R and exceed critical pressure for R 
values <2.0. The initial equilibrium states also show specif- 
ic volume increasing with decreasing R; but that increase 
amounts to a <2% increase in the mixture volume at 
R = 0.01. Although increasing ambient pressure decreases 
the equilibrium entropy, t h s  effect is too small to portray in 
Figure 5a. Water expansion follows isentropes (Figure 5a) 
to a pressure of 0.1 MPa (atmospheric pressure); for expan- 

sion to higher ambient pressures typical of deep submarine 
conditions, the final expansion state in Figure 5a is simply 
the intersection of an isentrope with a horizontal line (iso- 
bar) at the ambient pressure. Clearly greater expansion is 
achieved for interactions at lower R values, which by 
Appendix A, indicates greater thermodynamic work per unit 
water mass. For most R values, expansion to 0.1 MPa ends 
in the steam dome (two-phase region of liquid plus vapor). 
For cases of expansion to 10 MPa, if R > 1 then there is lit- 
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Figure 5. Thermodynamic phase diagrams (L is liquid, V is vapor) 
for calculated water/magma interactions at different waterlmagma 
mass ratios, R. Initial equilibrium states are diamond-shaped 
points; filled circles represent expanded states; and CP is the crit- 
ical point. (a) A pressure-volume phase diagram illustrates isen- 
tropicfluid expansion with example expansion isentropes labeled. 
Note that all 0.1-MPa expanded states are within the steam dome, 
but those at 10.0 MPa are not. (b) A temperature-entropy phase 
diagram shows calculated effects of ambient pressure on the initial 
equilibrium state as a function of R. The solid line with diamond- 
shaped points is are equilibrium states at 0.1-MPa ambient pres- 
sure, dashed lines are equilibrium states with increasing ambient 
pressures (10,20,40, 60, and 80 MPa) plotting increasingly to the 
left. This plot also shows isentropic mixture expansion final states 
(0.1 and 10.0 MPa) with schematically drawn lines connecting ini- 
tial and final states for example R values. 
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tle or no vapor production and thermodynamic work; in 
contrast, if R < 0.1 then expansion produces superheated 
vapor and high amounts of thermodynamic work per unit 
mass water. For cases where the ambient pressure is super- 
critical, if R > 0.5 then isentropes are so steep that little vol- 
ume change occurs along them and the resulting thermody- 
namic work is small. However, with increasing supercritical 
ambient pressure, the initial equilibrium pressure increases 
so that the thermodynamic work also increases. 

Figure 5b illustrates the mixture case for which water 
entropy increases during expansion because the water is 
continuously heated by hydroclasts entrained in it. The 
entropy increase with expansion is shown by straight lines 
in Figure 5b for simplicity, but these lines may be slightly 
curved because the temperature and pressure dependence of 
conductivities, especially in the steam dome where conduc- 
tion to liquid and vapor components does not occur at the 
same rate. Because mixture expansion takes water to higher 
entropies, it produces more thermodynamic work than does 
expansion in the fluid case. The dashed lines in Figure 5b 
show the small but finite effect of hydrostatic pressure on 
the initial equilibrium at various R values. With increasing 
ambient pressure, the initial equilibrium entropy decreases. 
For the expanded states, example isobars drawn at 0.1 and 
10 MPa show that increasing hydrostatic pressure limits 
expansion to decreasing final entropy (lower volume) states. 
Accordingly, the pressure-volume work is limited by hydro- 
static pressure. However, as will be discussed later, it is not 

correct to assume that expansion stops when ambient pres- 
sure is reached for dynamic interactions where shock waves 
are formed and sound speeds vary considerably over short 
distances. 

What do these thermodynamic calculations show other 
than the fact that they predict hypothetical initial equilibri- 
um states that are above the critical pressure for all R values 
<2 and above 100 MPa (-10 krn depth) for R values <0.6? 
First of all one should note that in the supercritical region, 
isentropes become steeper with increasing pressure such 
that pressure change produces less and less volume change, 
especially for R values >0.5. This observation suggests that 
as supercritical ambient pressure increases,fluid expansion 
produces less and less thermodynamic work. In contrast, the 
mixture case shows that for expansion at R values x0.4, 
water entropy increases (while the mixture is entropic) from 
4 kJ kg1 K-1 to values that reflect higher volumes; thus, in 
the supercritical region, the mixture case produces more 
thermodynamic work than does the fluid case. 

To evaluate the thermodynamic work potential for interac- 
tions at different R values, Figure 6 shows plots of thermody- 
namic conversion ratios, which represent the percentage of 
the magma's thermal energy converted to thermodynamic 
work, approximately half of which might be manifested as 
melt-fragment kinetic energy [ Wohletz et al., 19951. For the 
cases offluid and mixture expansion, two end-member final 
states are shown, one for expansion to hydrostatic (ambient) 
pressure and one for expansion to 0.1 MPa. Whereas expan- 
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to Hydrostatic Pressure to 0.1-MPa Pressure 

lsentropic Mixture Expansion (d) 1 Isentropic Mixture Expansion 
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Figure 6. Thermodynamic conversion ratios for isentropic fluid plotted as a function of R (waterlmagma mass ratio). 
Curves are numbered according to ambient hydrostatic pressure (MPa), and the division between in explosive and e&- 
sive is arbitrarily fit to observations of terrestrial (0.1 MPa) eruptions. The four plots illustrate two expansion cases 
(isentropic fluid and isentropic mixture) each with two endmember expansion endmembers (hydrostatic and 0.1 MPa). 
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sion to hydrostatic pressure is intuitive, the other end-mem- 
ber represents full expansion to atmospheric pressure, which 
is approachable under certain conditions of shock-wave prop- 
agation and other factors to be discussed. First of all, the mix- 
ture cases produce higher conversion ratios than do thefluid 
cases, as aIso do full expansions to 0.1 MPa compared with 
those limited to expansion to hydrostatic pressure. For the 
fluid hydrostatic end-member (Figure 6a), the effects of 
ambient pressure are not intuitive (because of the effect of R 
on the initial equilibrium state). Below the critical pressure, 
conversion ratios decrease with increasing ambient pressure 
(i.e., 0.1, 10, and 20 MPa), but above the critical pressure 
conversion ratios rise with increasing ambient pressure (i.e., 
40, 60, and 80 MPa). The trend for the mixture hydrostatic 
end-member (Figure 6c) shows decreasing conversion ratios 
with increasing ambient pressure. In contrast for the 0.1-MPa 
end-members (Figure 6b and 6d), both the fluid and mixture 
cases show increasing conversion ratios with increasing 
ambient pressure. 

In order to fiuther describe these conversion ratio calcu- 
lations, a horizontal line is drawn in Figure 6 at a conversion 
ratio of 2.5%, designating an explosive threshold. This 
value represents the minimum conversion ratios calculated 
for experiments [ Wohletz et al., 19951 that produced demon- 
strably explosive behavior and complete melt fragmenta- 
tion. In deference to the limitations of drawing analogies 
from these experimental results, this explosive threshold is 
considered to be arbitrary. The result of this consideration is 
that waterlmagma interactions are capable of being explo- 
sive up to hydrostatic pressures of 80 MPa, which repre- 
sents a depth of 8000 m. Higher hydrostatic pressures, 
which have not been calculated, are also expected to be 
capable of explosive work production with the notable 
exception of the mixture hydrostatic end-member (Figure 
6c), which shows conversion ratios declining below the 
explosive threshold as ambient pressure exceeds 80 MPa. 
Another aspect of the results shown in Figure 6 is the range 
of R values over which explosive behavior might be 
attained for subsurface interactions (hydrostatic pressure 
>0.1 MPa). This range extends from R = 0.1-1.3 (hydrostat- 
ic end-members) and from R = 0.1-3.0 (0. I-MPa end-mem- 
bers). Whereas increasing pressure always increases this 
range for both 0.1 -MPa end-members, it decreases the range 
to R = 0.1-0.7 for hydrostatic end-members at ambient pres- 
sures found at depths from 1000 to 4000 m. The range of 
explosive R values for the mixture hydrostatic end-member 
strongly decreases with increasing pressure, becoming neg- 
ligible at pressures above 80 MPa. 

In summary of hydrostatic pressure considerations, both 
0.1 -MPa end-members show the greatest likelihood (with 

respect to R values and pressure) for conditions necessary for 
deep submarine explosive interactions. For the hydrostatic 
end-members, increasing pressure generally decreases the 
likelihood of explosive interaction. Overall, predicted explo- 
sive interaction requires R values that seem very small, con- 
sidering the abundance of water in submarine environments; 
thus, the question arises as to whether such conditions are 
really applicable, which is the subject of the next section. 

4.2. Effective Water/Mugma Mass Ratios 

Effective mass ratios depend upon characteristic times 
and lengths, determined by the propagation speed of ther- 
mal and pressure waves and by the interface geometry. Such 
parameters control just how much water actually is involved 
in the interaction heat exchange. For magma, conductive 
heat transfer times and lengths are important. For seawater, 
conductive and convective transport dominate, and radia- 
tive transport plays a role only where supercritical water 
loses its transparency Dinh et ul. [1998]. On the other hand, 
a multitude of geometric possibilities can be imagined, from 
a simple planar interface to entrapment and engulfing con- 
figurations to rapid mixing of water and magma fragments 
in an erupting lava fountain [e.g., Batiza et al., 1984; Smith 
and Batiza, 1989; Head and Wilson, this volume; and 
Clague, this volume]. For each possibility the linear dimen- 
sions determined by characteristic lengths and times can be 
constrained. The example given in Figure 7 is just one pos- 
sible configuration that serves as an example how an effec- 
tive mass ratio might be evaluated. 

Figure 7. Schematic illustration of determination of characteristic 
length scales that determine effective waterlmagma mass ratios, R. 
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Figure 7 depicts a hypothetical contact of seawater over a 
rugose lava flow surface, such as might be caused by rapid 
extrusion rates or development of pressure ridges [cf. 
Maicher et al., 20001. For this case one can simply estimate 
the effective interaction ratio by volume ratios, defined by 
characteristic lengths. In order to define characteristic 
lengths (L; subscripts w and m denote water and lava respec- 
tively), a characteristic time, t,, must be defined that takes 
into account both the thermal and fluid dynamics involved. 
From the experiments discussed earlier, this characteristic 
time is linked to the periodicity of water pressurization and 
expansion. 

Consider the growth of a supercritical-fluid film at the 
contact interface shown in Figure 7. Expansion of this film 
continues while its pressure is greater than the surrounding 
seawater. It also creates a pressure wave that propagates into 
the seawater at the speed of sound and eventually reflects 
off an impedance (the product of density and sound speed) 
discontinuity, which for this example is a spine of lava at a 
distance, L, from the film surface. Such an impedance 
boundary might also be the substrate for a situation where 
water is trapped below a lava flow or the other side of a cav- 
ity in which water is surrounded by lava. When the reflect- 
ed wave strikes the surface of the film, the film is partially 
or fully destabilized, setting a characteristic time: 

where c is the sound speed of water (-1500 m s-1 for sea- 
water). This reasoning is very simplistic: a multitude of 
pressure perturbations likely exist with a spectrum of travel 
times for which some period or range of periods is domi- 
nant. For this argument, let Eq. (2) define an average char- 
acteristic time. The characteristic length for seawater, Lw, is 
a measure of how far a thermal wave moves into the water 
in the characteristic time; it can be simply stated as: 

where v, is growth speed of the supercritical fluid layer. 
Dinh et al. [I9981 quantifyfilm boiling heat transfer for FCI 
conditions and report vapor film speeds that increase with 
water temperature. For fully developed film boiling at tem- 
peratures <lo00 K, these speeds are <5 m s-1, and because 
film boiling takes time to develop fully, film speeds are like- 
ly to be well below 1 m s-1 in the first few milliseconds of 
film boiling [Cowadini, 198 11. 

Because the heat flux in the seawater is limited by the 
heat conducted from the lava, the amount of heat transferred 
from the lava depends on the characteristic depth (length), 

L,, of a thermal wave penetration into the lava over the 
period of time, t,: 

where K is the thermal difhsivity of the lava. From this 
greatly simplified estimation of L, and L, and values for the 
densities of seawater (r,) and lava (r,), the effective 
water/magma mass ratio R is: 

Although the above estimation of R is quite hypothetical, 
the following example shows how it might be evaluated. 
Consider a submarine basaltic lava flow with a rugose sur- 
face [cf. Maicher et al., 20001. For a characteristic dimen- 
sion L of 1.5 m (Figure 7) T, would be -2 ms. Using typical 
kvalues for basalt (-1x10-6 m2 s-I), L, = 45 pm from Eq. (4). 
Because the thermal diffusivity of water at pressures above 
22 MPa averages about one-half that of basaltic lava, L, 
should be -0.7 L, for a conduction-dominated system. 
However, Eq. (3) also takes into account convective and 
radiative heat transfer; thus, L, ranges from a conductive 
minimum of -20 pm to an incipient film boiling value of 
-200 pm. In order to evaluate Eq. (5) densities must be 
factored in. Basaltic lava density varies with composition 
and crystallinity, and here I will use a value of 2500 kgIm3. 
The density of the supercritical fluid at a temperature of 
-1000 K and pressure of 22 to 50 MPa is between 50 and 
110 kg/m3. From these values Eq. (5) predicts and effective 
R in the range of 0.01 to 3.8; the lower extent of this range 
is compatible with R values thought to be typical of terres- 
trial explosive hydrovolcanism. 

Certainly, a more rigorous approach to estimating effec- 
tive values of R can be developed, and the one shown above 
is only to illustrate some of the parametric constraints that 
might be considered. But if characteristic lengths and times 
are truly important in determining an effective R, then one 
might conclude that explosive eruptions are indeed possible 
in submarine situations, especially for cases where smaller 
characteristic lengths and shorter times are involved, such 
as might be associated with high extrusive rates. On the 
other hand, as characteristic lengths and times increase, film 
boiling has more time to mature such that L, increases more 
rapidly than does L,, leading to much higher effective R 
values. 

With thermodynamic and geometrical considerations that 
suggest an explosive potential for deep submarine 
water/magma interactions, the details of how heat transfer 
from the magma to water can proceed at a rate required to 
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produce dynamic effects needs attention. The dynamics at 
the waterlmagma interface involve not only heat transfer 
phenomena but also hydrodynamic phenomena, those kinet- 
ics that describe how water and magma behave in the pres- 
ence of high thermal and pressure gradients. The following 
discussion covers considerations that demonstrate that con- 
tact interface dynamics might in fact be relatively insensi- 
tive to waterlmagma mass ratios, malung the preceding dis- 
cussions of secondary importance. 

5.  CONTACT INTERFACE DYNAMICS 

Kokelaar [I9861 identified two classes of steam explosiv- 
ity in subaqueous basaltic volcanism: contact-surJace and 
bulk interaction. The former class concerns the dynamics 
along an interface between a free body of water and magma, 
and the latter case applies to the dynamics of a volume of 
magma that confines water or water-rich clastic materials 
either within the magma or at its margins. In either case the 
dynamics begin with an initial contact of magma with water. 
During this initial exposure, a very thin film of water is 
nearly instantaneously heated. From considerations of char- 
acteristic heat diffusion times for the water and magma, an 
estimate of this instantaneous contact temperature, Ti, can 
be made: 

in which subscripts denote properties of the magma (m) and 
water (w), K is the thermal conductivity, a is the thermal dif- 
fusivity (a = K / ~ C ;  C = specific heat capacity; p  = density), 
and T is the initial temperature. For submarine conditions, 
the values for water are: T, = 277 K, C= 4.2 kJ kg1 K-1, and 
K = 0.6 W m-1 K-1 with C falling and K increasing about 1% 
for every 10 MPa increase in pressure. Magma composition 
generally dictates Tm with basalts erupting at 1473 to 1523 
K; more silicic compositions range from 900 to 1200 K. For 
magma the specific heat capacity is typically 1.0 to 1.2 
kJ/kg-K, and K ranges from 1.1 to 4.8 Wlm-K. These values 
set Ti in the range of 800-1000 K, which for neatly constant- 
volume equilibrium requires an instantaneous supercritical 
pressure. 

5.1. Film Instability 

Instantaneous heating of a film of water produces a small 
shock wave, which moves away from the contact at or 
above the speed of sound. The film expands in its wake and 
eventually develops into a region of film boiling, which is 

not necessarily a stable state. Stability of this vapor film 
requires that the rate heat is supplied to the film from the 
magma equals that transferred to the surrounding water. 
Instability arises where the film expands so fast that it 
exceeds the volume where it is in thermodynamic equilibri- 
um. It then abruptly condenses, collapsing back on itself. 
The collapse of the film causes it to impact the magma sur- 
face and produce a finite strain in the magma. For certain 
contact surface geometries, the film collapse can be axisym- 
metric, and then produces tiny jets of water that penetrate 
the magma surface. After collapse, the film is recreated, 
repeatedly growing and collapsing in a cyclic fashion at a 
characteristic frequency of several kilohertz or more. The 
vapor-film oscillation gradually heats the water in the vicin- 
ity of the magma surface and causes strain to accumulate in 
the magma by repeated film impacts and jetting as well as 
by the volumetric changes caused by rapid magma cooling 
(quench contraction); the accumulated strain generally pro- 
duces magma fragmentation. In contrast to this scenario of 
film instability leading to magma fragmentation, growth of 
a stable film interface effectively insulates the magma such 
that fragmentation and quench granulation do not develop, 
perhaps a reason why pillow lava stays intact. 

Figure 8 illustrates heat transfer associated with film 
growth and collapse in an idealized spherical system. The 
conductive factor is the differential change in heat transfer 
rate with the film thickness (radius) for a constant thermal 
differential [ Wohletz, 19831. As vapor forms and expands 
around the melt sphere, it cools, its pressure decreases, and 
the area over which it conducts heat to the surrounding liq- 
uid increases, leading to a decreasing conductive factor. The 
momentum of the film growth may cause its over-expansion 

FILM THICKNESS RATIO 

Figure 8. Schematic illustration of vapor film expansion and col- 
lapse, diagrammatically plotting the conductive factor as a func- 
tion of film thickness and the pressure factor (a ratio of film pres- 
sure to ambient), both dimensionless. 
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to a thickness where the heat supplied is less than the heat 
lost and the film pressure is less than ambient. In this case 
growth is halted when the film spontaneously condenses 
and collapses. Because of viscous effects, this expansion 
and collapse cycle is irreversible. During collapse the con- 
ductive factor increases at a slower rate than it decreases 
during expansion, and heat is converted to kinetic energy by 
an amount that is proportional to the hysteresis of the sys- 
tem. In contrast, a stable film might oscillate around values 
of unity for conductive factor and film thickness, but it 
would not grow out of equilibrium nor collapse completely. 
Stable films might exist where convective heat transport 
around the film balances conduction from the magma, a sit- 
uation where passive melt quenching occurs such as in the 
case of pillow lava formation. 

One fate of such contact interface dynamics is production 
of a coarse mixture of magma fragments, liquid, and vapor. 
With increasing magma surface area for conductivity, heat 
transport grows exponentially as an escalating system. 
Convective currents that develop in response to these 
dynamics tend to dampen the system so that catastrophic 
mixing of fragmented magma and water does not occur. If, 
on the other hand, catastrophic mixing does occur, then the 
system is not only thermodynamically unstable (because of 
the film expansion and collapse process), it is also hydrody- 
namically unstable because of large pressure, density, sound 
speed, and conductivity gradients produced by the film. Such 
instability is prone to a kind of detonation, termed thermal 
detonation, especially if perturbed by some external pressure 
wave, such as that produced by volcanic seismicity. 

5.2. Thermal Detonation 

The term thermal detonation originated during early stud- 
ies of fuel-coolant interactions for nuclear reactor safety 
analysis [Board et al., 1975; Bankoffand Jo, 1976; Fauske, 
1977; Sharon and Bankofi 198 1; and Yuen and Theofanous, 
19951. Stimulated by the proposal of F'owles [I9791 that 
vapor explosions constituted a kind of elementary detona- 
tion, a very radical idea, considering that detonation is clas- 
sically tied to chemical reactions, Rabie et a/. [I9791 did a 
rigorous study of rapid phase-change dynamics and con- 
cluded that certain materials could display the phenomenon 
ofpolymorphic detonation. Harlow and Ruppel [ 198 11 used 
numerical multiphase simulations to demonstrate the plau- 
sibility of explosion wave propagation along the contact of 
two liquids, one above the boiling-point temperature of the 
other. 

The concept of thermal detonation as originally con- 
ceived has many shortcomings when applied to real situa- 

tions of MFCI, several of which are: (1) it requires an unre- 
alistically high trigger pressure; (2) it involves hydrody- 
namic fragmentation that may not be fast enough to support 
detonation; (3) it is based on the classical, single-phase, 
Chapman-Jouguet detonation theory that is difficult to 
prove for heterogeneous mixtures; and (4) the pressure- 
wave attenuation caused by the mixture tends to prevent 
sustained shock-wave propagation. Because detonation is 
such a specific concept many have argued that it just does 
not apply to MFCIs, especially from standpoints of required 
fragmentation rates and premixture ratios [CondSfJ; 1982; 
Fletcher and Theofanous, 1995; and Yuen and Theofanous, 
19991. 

Yuen and Theofanous [I9991 show calculations that illus- 
trate why the now classical theory of multiphase thermal 
detonation of Board et al. [I9751 is not physically possible. 
Their calculations focus on fuel-coolant premixture ratios 
(volumetric ratio of he1 to water-plus-vapor). For lean 
ratios, detonation is only possible where the void (vapor) 
fraction is nearly zero fi.e., R > 1.5), a situation where ther- 
modynamic conversions ratios are very low and necessary 
film boiling is unrealistically precluded. For rich ratios with 
the physically required film boiling (i.e., R < 0.05) only 
weak detonation is possible. Only for a rather limited range 
of intermediate premixture ratios (the case examined by 
Board et al. [1975]) for which the volume fractions of fuel, 
water, and vapor are equal (i.e., R = 0.5), did Yuen and 
Theofanous [I9991 calculate a stable detonation with a pres- 
sure of - 150 MPa. However, experimental [Angelini et a/. , 
1992; 19951 and analytical studies [Fletcher and 
Thyagaraja, 19911 show that such a premixture is not phys- 
ically possible for MFCI. Overall, the main argument of 
these calculations is that for all premixtures (other than 
those of unreasonably high melt concentration), the shock 
wave sweeps in additional coolant such that thermal equili- 
bration of the fragmented melt does not produce the amount 
of water expansion needed to sustain the wave. 

Yuen and Theofanous, [I9941 recognized this fundamen- 
tal problem with the classical thermal detonation theory but 
also acknowledged experimental evidence of MFCI explo- 
sion phenomena that produce strong shock waves. Those 
authors developed the microinteractions model of thermal 
detonation, which hypothesized that the rate of water mix- 
ing with fragmented melt is proportional to the melt frag- 
mentation rate. Chen et a/. [I9951 experimentally verified 
this model and showed detonation dynamics limited to only 
what is termed the m-fluid (a mixture of fragmented debris 
and entrained coolant). With those results and successfd 
simulation of MFCI detonation dynamics, Yuen and 
Theofanous [I9991 emphasize that the microinteractions 
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model of thermal detonation is viable; it occurs under much 
less restrictive premixture conditions and avoids other prob- 
lems of the classical theory. 

For application to the dynamics of waterlmagma interac- 
tion, let us just assume that thermal detonation simply 
entails shock-wave dynamics that lead to catastrophic frag- 
mentation and expansion of a mixture of magma fragments 
and water. This generalized view is intended to include the 
phenomena such as thermohydraulic fracturing and brittle 
reaction that Biittner and Zimanowski [I9981 and 
Zimanowski et al. [1997b] describe. Zimanowski et al. 
[1997a] describe MFCI experiments that show development 
of intense shock waves in less than a millisecond with 
extreme cooling (>I06 K s-1) and stress rates (>3 GPa m-2). 
These phenomena constitute a brittle reaction that occurs on 
a very fine scale; the brittle reaction is quite different in con- 
cept from the detonation idea presented above. However, 
one can argue that the thermodynamic and hydrodynamic 
conditions of this brittle reaction are also those that pertain 
to detonation. For this reason, I will further consider the 
broad, generalized concept of thermal detonation and how it 
might apply to the deep submarine environment. 

Figure 9 schematically illustrates the basic idea of ther- 
mal detonation. Consider the vapor-film dynamics dis- 
cussed above and imagine that the contact between a sub- 
marine extrusion and seawater forms a selvage zone of 
unstable vapor and magma fragments. The process leading 
to explosion of this mixture involves the propagation of a 
pressure disturbance in the seawater caused by a dynamic 
event such as volcanic seismicity, vent collapse, or energetic 
film collapse. As this wave moves through the mixture of 
hydroclasts, vapor, and water, if its overpressure is great 
enough, it can compress the vapor into liquid, causing inti- 
mate contact with the magma. This contact induces an 
abrupt increase in overall heat transfer to the water, leading 
to a pressure jump behind the wave that can drive the wave 
as a shock. As the shock moves through the mixture, its 
steep pressure gradient accelerates the water and hydro- 
clasts proportional to their density. This differential acceler- 
ation produces a slip velocity between the water and hydro- 
clasts high enough to tear the hydroclasts into micrometer- 
sized particles, increasing the surface area for heat transfer 
by orders of magnitude. The increased heat transport caused 
by the shock wave and the fine fragmentation and expan- 
sion in its wake tend to sustain and even enhance the shock. 
An idealized shock has a N-wave profile, and falling pres- 
sure in its wake allows expansion and release of thermody- 
namic work even at high ambient pressure. 

In order for this phenomenon to be considered a detona- 
tion, the acceleration of the mixture by the shock wave must 
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Figure 9. Schematic illustration of the concept of thermal detona- 
tion [adapted fi-om Wohohletz, 1986; and Board et al., 19751, show- 
ing the propagation of a shock wave through a coarse mixture of 
magma fragments and water (vapor and liquid). The shock wave 
moves at a velocity u and differentially accelerates the water and 
magma to velocities of u, and urn, respectively, resulting in a slip 
velocity us, which decays behind the shock. The slip velocity must 
be of sufficient amplitude to cause fine fragmentation of the 
magma fragments by mechanisms such as boun* layer strip- 
ping and Taylor instability before the arrival of the C-J plane. At 
the C-J plane the average mixture velocity is just sonic (c) with 
respect to the shock wave. The fine fragmentation causes an expo- 
nential rise in heat transfer from the magma fragments to the water 
and catastrophic vapor expansion. 

produce a relative velocity high enough to satisfy the 
Chapman-Jouguet (C-J) condition: the relative velocity, up 
is the speed of the shocked material relative to the shock 
front, and ur must equal the sonic velocity of the shocked 
material [Courant and Friedrichs, 1948; and Zel 'dovich 
andRaizer, 19661. The C-J condition can be evaluated on a 
pressure-volume diagram that shows the shock adiabat 
(termed the shock Hugoniot and defined as the locus of 
points representing pressure-volume states achievable by 
shocking a material from an initial state) and the release 
adiabat (called the detonation curve or detonation 
Hugoniot). These adiabats are concave upward and the det- 
onation curve exists at higher volume states than the shock 
Hugoniot. Two points on the shock Hugoniot, one at the ini- 
tial pressure and the other at the pressure of the shock front 
(the von Neumann spike), define a line called the Rayleigh 
line. A C-J condition only exists if the Rayleigh line inter- 
sects the detonation curve at a single point of tangency. The 
points behind a propagating shock at which the C-J con&- 
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tion exists define a surface known as the C-Jplane or the 
detonationfront (not to be confused with the shock front). 

Board et al. [I9751 and Fauske [I9771 suggested that the 
C-J condition for a waterlmelt mixture can be met if a prop- 
agating shock wave causes melt fragmentation in a time 
shorter than that required for water-melt velocity equilibra- 
tion (zero slip velocity). Those authors describe how melt 
breakup and velocity equilibration times can be assessed by 
a Bond number function. The Bond number is 318 the prod- 
uct of the coefficient of drag and the Weber number (a ratio 
of inertial forces to surface tension forces); it is used in cal- 
culations of momentum transfer in general, especially for 
assessing atomization and motion of bubbles and droplets. 
The Bond number function as envisioned by Bankofand Jo 
[I9761 includes the effects of phase densities and volume 
fractions, initial premixture fragment size, the waterlmelt 
slip velocity, and the pressure at the shock front an at the C-J 
plane. With the microinteractions model of Yuen and 
Theofanous [I9991 this hnction predicts that thermal deto- 
nation can occur in MFCIs. 

In application of detonation theory there are mitigating 
factors in hydrovolcanic systems that one should consider. 
One major factor is that waterlmagma interaction systems 
likely involve spatially varying mixture densities and ther- 
modynamic states. Such variations predict nonuniform C-J 
conditions that tend to destabilize a detonation wave. A sec- 
ond factor is geometry. It is likely that the mixture zone is 
discontinuous, thin in some places, thick in others. This sit- 
uation leads to 3-D effects that cause large lateral slip veloc- 
ities along the shock front, and such slip velocities tend to 
degrade the sonic conditions behind the front necessary for 
detonation. 

Because the microinteractions model of Yuen and 
Z4eofanou.s [I9991 addresses many of the mitigating cir- 
cumstances in MFCI detonation theory and allows success- 
ful prediction of experimental explosions, there is some jus- 
tification for applying general aspects of that theory to 
assess the effects of ambient pressure on hydrovolcanism. 
By assuming that a C-J condition is satisfied by interaction 
dynamics and that the slip velocity between the shocked 
melt fragments and water is at least as large as the C-J plane 
relative velocity [Board et al., 19751, then the Bond number 
function can be calculated. Board et al. [I9751 use the 
Rankine-Hugoniot jump condition [Landau and Lifshitz, 
1959; and Zel 'dovich and Raizer, 19661 of the propagating 
shock wave to determine its velocity as -300 m s-1. The rel- 
ative velocity , ur, of the shocked mixture leaving the front 
is given by a function of the mixture's pressure, p, and spe- 
cific volume, V = V(R), at ambient (subscript i) and C-J 
(subscript cj) conditions: 

For an idealized thermal detonation in whichp,, = 100 MPa, 
Board et al. [I9751 calculated ur at -100 m s-1. For MFCI 
volcano analogs, Wohletz [I9861 used the approach suggest- 
ed by Corradini [I9811 to estimate a minimum ur at 60 m 
s-1. Drumheller [I9791 combined the requirements for rela- 
tive velocity and melt breakup time into what can be called 
a critical Bond number. By assuming a constantp,,, Wohlefz 
[I9861 evaluated the critical Bond number with respect to 
FCI experimental data [ Wohletz and McQueen, 19841 to pre- 
dict the effects of R and ambient pressure on the develop- 
ment of relative velocities and magma particle sizes. These 
results are plotted in Figure 10, which shows optimal condi- 
tions for thermal detonation at 0.5 < R < 2.0 for ambient 
pressures at or below 40 MPa. With increasing ambient pres- 
sure, the predicted relative velocities fall, eventually going 
below 60 m s-1, which Wohletz [I9861 considered as the 
lower limit for sustaining a detonation. With increasing 
ambient pressure, particle fragmentation is also decreased, 
meaning less thermal energy is released in the wake of the 
shock wave. If these results have any bearing on shock-wave 
dynamics for waterlmagma interactions in the submarine 
environment, then they do suggest that a thermal detonation 
is not likely at water depths greater than about 4000 m. 

6. DISCUSSION 

Because observational evidence of deep submarine erup- 
tions is sparse, much of the information I have presented is 
conceptual and highly theoretical with factual basis going 

Figure 10. Calculated effect of ambient pressure on thermal deto- 
nation relative velocities and fragment size as a function of R 
(waterlmagma mass ratio) and ambient pressure [from Wohletz, 
19861. 
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only so far as what analog MFCI experiments and thermody- 
namic constraints permit. Overall I have described some gen- 
eral factors governing submarine hydrovolcanism and specif- 
ically addressed issues concerning the possibility of explo- 
sive waterlmagma interaction at high hydrostatic pressure. I 
have little or no proof of the predictions presented here, 
which is a major weakness of this contribution. I have relied 
upon results of analog experiments designed to quantify the 
controls of waterlmelt interaction, attempted thermodynamic 
analysis of the somewhat complex heat exchange between 
magma and water, and presented a short review of dominant 
physical processes that govern the character of interaction. 

Chief concerns about application of experimental results 
to deep submarine eruptions are the experimental 
water/magma ratios used in high-pressure MFCI studies and 
the method by which high ambient pressure is experimen- 
tally produced. Even though the water-box experiments 
approached R values of 10, these are in no way even close 
to the apparent R values in submarine conditions, which are 
potentially so large that they are practically impossible to 
quantify. As I pointed out, from the heat flow mechanisms 
involved, characteristic times and lengths of thermal diffu- 
sion, pressure-wave propagation, and film boiling do limit 
the amount of water that can really be involved in interac- 
tion over short periods of time. It is because of these limita- 
tions, that the water-box experiments produced both pillow- 
lava-like debris, presumably from more passive quenching 
processes, as well as explosive fragmental debris. These 
results suggest the upper range of R that is practical for con- 
sideration is no larger than 10. 

The water-box experiments did not employ any kind of con- 
finement to simulate the hydrostatic pressure typical of sub- 
marine conditions. For this reason, the high-pressure experi- 
ments were examined to test if explosive interaction could 
occur at ambient pressures above critical pressure. The main 
concern here is if the ambient pressure generated at the instant 
of waterlmelt contact but prior to burst is a plausible analog 
for hydrostatic pressure. From the standpoint of thermody- 
namics and physical properties of water, I conclude that this 
concem is negligible. Because initiation of waterlmelt interac- 
tion causes pressures to rise to near-maximum values in <<1 s, 
it is safe to assume that most of the dynamic heat exchange 
occurred at the burst pressure. One might argue that in the 
deep submarine environment this pressure exists before any 
heat exchange occurs, in contrast to the experiments where the 
pressure rose in milliseconds prior to interaction. However, 
the thermodynamic models show that for the initial equilibri- 
um conditions, ambient pressure plays only a small role. 

The thermodynamic models presented are limited in 
applicability because they assume pure water. Whereas this 

assumption is justifiable for subcritical thermodynamic cal- 
culations, because seawater's heat capacity is within a few 
percent of that of pure water, such may not be the case for 
supercritical seawater. The effects of phase separation and 
the extension of the two-phase boundary to supercritical 
pressures and temperatures place additional energy con- 
straints on isentropic expansion from high temperatures and 
pressures; further work is needed address the magnitude of 
these effects for MFCIs. The model discussed in this paper 
was designed to be applicable to experimental results; its 
validity is how well it predicts experimental results. For FCI 
experiments that constrained conversion ratios by kinetic 
energy measurements, the thermodynamic model proved to 
be reliable. Unlike controlled experiments, it is not really 
known how much of water and melt are involved at any 
given time during submarine hydrovolcanism; the thermo- 
dynamic model applied to apparent R values tends to give 
minimum estimates of explosive energy. 

From my experience with MFCI experiments and theo- 
retical modeling of waterlmagma interaction I have focused 
primarily on R as a controlling parameter. Waterlmagma 
mass ratio is really difficult to evaluate, but not impossible 
as shown by Wohletz [2002]. No matter what approach ones 
uses to constraining R, the eflective R is controlled by a sys- 
tem's characteristic length and time scales for heat transfer 
and hydrodynamics. The example discussed earlier empha- 
sizes that the length scales are a function of diffusivities and 
sound speed with characteristic times about of about a mil- 
lisecond per meter of characteristic length for pressure 
waves propagation. Considering thermal diffusion rates, the 
volume of water heated is within an order of magnitude of 
the volume of magma cooled. Thus even though the volume 
of water available is practically infinite for submarine 
hydrovolcanism, I suggest that efective R values are less 
than -10 for submarine volcanism. 

As a function of R, calculated thermodynamic conversion 
ratios are a measure of thermodynamic work done by water 
expansion. One cannot assume that all of thls work is man- 
ifested as melt-fragment kinetic energy. Wohletz et al. 
[I9951 measured FCI ejecta kinetic energy and found it to 
be typically one-third to one-half the thermodynamic work 
predicted. Much of the work is spent on melt fragmentation 
and deformation, seismic and acoustic waves, and viscous 
losses. This consideration suggests that measures of hydro- 
volcanic ejecta dispersal (a typical approach to studying ter- 
restrial eruptions) do not fully constrain the eruption ener- 
getics. On the other hand, energy calculations based upon 
crater dimensions do account for most energy expenditures 
because these calculations are empirical [Wohletz and 
Heiken, 19921. For the submarine environment, hydrovol- 
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canic energies may be difficult to constrain because meas- 
urement of crater excavation and fragment dispersal are 
limited by seafloor imaging techniques. That is not to say 
estimates cannot be done. I recommend making volume 
estimates of fragmental deposits as a measure of how much 
magma might have been involved in a submarine hydrovol- 
canic eruption. The seawater volume involved in such an 
eruption is more interpretive and requires deduction of the 
mode of interaction and application of logic similar to that 
presented in Equations (2-4). Then evaluation of Eq. (5) 
provides a measure of the effective R for the eruption from 
which a thermodynamic conversion ratio can be calculated. 

In modeling the expansion work caused by the depressur- 
ization of heated water, I presented two bounding therrno- 
dynamic cases, isentropic fluid and isentropic mixture for 
calculating the conversion of thermal to mechanical energy. 
If expansion only extends to local hydrostatic pressure, then 
calculated conversion ratios at high hydrostatic pressures 
(>200 MPa) exceed the experimentally constrained explo- 
sive threshold for a rather limited range of R values, which 
suggests that explosive hydrovolcanism may not be com- 
mon in deep environments and thefluid case of calculation 
is appropriate. This point of view might be supported by the 
much more common observations of lava than hydroclasts 
from deep ocean cores. However, if explosive interaction is 
triggered, the mixture expansion case may be more appro- 
priate, since magma fragmentation adds the potential for 
continued heat transfer during water expansion leading to 
higher conversion ratios. 

Thermodynamic modeling also includes two end-member 
expansion states, a conservative one for which expansion 
ends at hydrostatic pressure and the other allowing full 
expansion to atmospheric pressure. If there is real potential 
for shock-wave dynamics, as in the case of the generalized 
concept of thermal detonation, localized expansion to pres- 
sure much lower than ambient might occur because of spa- 
tially varying sonic conditions. Recalling that local sound 
speeds can vary over an order of magnitude in multiphase 
systems [e.g., Kieffer, 19771, the rapidly expanding mixture 
will not "know" when it has reached hydrostatic pressure 
until a finite time after it has expanded beyond that point to 
much lower pressures. This aspect is a fundamental of 
supersonic flow and shock waves, which brings up another 
aspect of ambient pressure above the critical pressure. 
Whereas arguments can be made that explosion will not 
occur at these pressures because the expansion is supercrit- 
ical and does not involve a large volume change, I empha- 
size that the dynamics are mostly controlled by how fast the 
expansion occurs, whether or not a distinct vapor phase is 
present. I also note that most chemical explosives operate 

far above their critical pressures [e.g., Fordham, 19661, and 
this has been a criterion that FCI studies [e.g., Yuen and 
Theofanous, 19991 have used to differentiate detonation 
phenomena. Based on these considerations, if explosive 
interaction involves isentropic mixture expansion, then the 
calculations shown in Figure 6 indicate that mechanical 
energy release increases with ambient pressure, and the 
details of how high interaction pressure and heat transfer 
might occur come into question. 

In discussion of the effects of ambient pressure on propa- 
gation of a hypothetical thermal detonation within a 
waterlmelt mixture, I presented some theory and calcula- 
tions supported by experimental evidence. These calcula- 
tions showed that with increasing ambient pressure, the 
range ofR over which relative velocities support detonation 
narrows and becomes nonexistent at ambient pressures 
above 40 MPa. Considering the C-J conditions for a thermal 
detonation, isothermally or adiabatically increasing ambient 
pressure decreases water's specific volume and, assuming a 
constant detonation curve, increases the slope of the 
Rayleigh line. If in this case the Rayleigh line were to inter- 
sect the detonation curve at two points, a situation of over- 
driven detonation would occur, which would not be stable. 
On the other hand, if the Rayleigh line were still tangent to 
the detonation curve, then its point of tangency would stip- 
ulate a higher C-J pressure. A higher C-J pressure causes a 
higher pressure to exist in the waterlmelt mixture. If the 
sound speed of the mixture behaves like the liquid-gas mix- 
tures stuhed by Kieffer [I9771 and increases with pressure, 
then the relative velocity of the C-J plane should also 
increase. This consideration (not recognized by Wohletz 
[1986]) suggests that curves shown in Figure 10 might plot 
at higher values of relative velocity for ambient pressures 
above atmospheric; hence, ambient pressure may not neces- 
sarily suppress MFCI detonation. 

At this point in time the work of Zimanowski et al. 
[1997a] is perhaps the most plausible description of a mech- 
anism for extremely high energy transfer rates in MFCIs. 
The tremendously dynamic, brittle reaction discovered by 
these workers has been photographically documented 
[Zimanowski et al., 1997b1, and it provides a new way for 
understanding high interaction pressures and heat transfer 
rates. The hydrodynamics of the brittle reaction have not 
been linked to detonation, and to do so requires documenta- 
tion of propagation speeds, sound speeds, and the shock 
Hugoniot of a waterlmelt mixture. If a link to detonation 
were to be established, then a robust predictive capability 
could be established by scaling experimental work. One 
such prediction, mentioned earlier, is the hypothetical effect 
of ambient pressure on the potential for detonation. Even 
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though increasing pressure (depth) might increase the 
mechanical energy released in a detonation wave, the slip 
velocity (between the water and melt in a shocked mixture) 
and the degree of melt fragmentation behind the shock may 
decrease with increasing pressure, leading to conditions not 
capable of sustaining a detonation wave. This line of rea- 
soning seems to fit results of high-pressure MFCI experi- 
ments discussed above in which the highest energy bursts 
occurred at the highest confining pressures but the likeli- 
hood of non-burst was also higher. 

Some aspects of how magma is erupted on the seafloor 
have not been fully considered. Passive extrusion of flows 
and domes are suspected to be capable of entrapping water 
beneath them (producing low effective R values) and form- 
ing surface selvages of unstable, supercritical fluids and 
hydroclasts, situations that potentially can be explosive. 
However, the situation of magma fountaining with magmat- 
ic volatile exsolution is another situation seemingly prone to 
explosive interaction. The fountaining pre-fragments the 
magma, resulting in a much greater surface area for heat 
transfer, and fountaining dnves mixing of water with hydro- 
clasts; both processes are important for explosive interac- 
tion. If, however, exsolved volatiles are rich in nonconden- 
sible gases, such as CO,, explosive interaction might be 
damped. Noncondensible gases tend to limit intimate con- 
tact of water with the magma by forming a stable insulating 
film at the magma surface. 

7. CONCLUSIONS 

By definition, submarine volcanism is hydrovolcanism, 
but for deep submarine environments it is apparently over- 
whelmingly nonexplosive hydrovolcanism, with products 
of explosive events rarely observed in deep seafloor sam- 
ples. Do these observations indicate that high hydrostatic 
pressure prevents explosive interaction, or do they more 
simply point to the fact that deep seafloor observations are 
too sparse relative to the vast expanses of the oceans to ade- 
quately assess the frequency of explosive products? At this 
point I conclude that this issue is unresolved. 

I also conclude that experimental evidence and theoretical 
considerations indicate that explosive hydrovolcanism is 
certainly possible for depths extending to greater than 4000 
m. Furthermore, theory points to the potential that if explo- 
sions do occur at great depth, then they may release more 
mechanical energy per unit mass of magma than they would 
at or near the sea surface. What remains to be studied is how 
a violent explosion might affect the deep submarine envi- 
ronment (e.g., hydroclast characteristics and dispersal, 
deposit morphology, vent shape, and seawater currents), 

taking into consideration the much greater viscous and ther- 
mal dissipations existing in the aqueous environment com- 
pared to those in subaerial settings. 

I further conclude that high ambient pressure may have 
the potential of decreasing the probability of thermal deto- 
nation as a mechanism for explosive interaction. But I do 
emphasize that this conclusion is largely conceptual. The 
detonation curve for MFCI is yet to be well established, and 
higher C-J pressures might result for systems at higher 
ambient pressure. As a final note about thermal detonation, 
I suggest that MFCI explosions may be better represented 
by detonations other than the Chapman-Jouguet type [e.g., 
Wood andKirkwood, 1954; and Rabie et al., 19791. 

At the time of writing this paper, over 30 years have 
passed since focused research on waterlmagma interaction 
(hydrovolcanism) began, then in an effort to understand the 
origins of maar craters and how they might be differentiat- 
ed from those formed by bolide impacts. The early studies 
[e.g., Fisher, 1968; Lorenz, 1970; Waters and Fisher, 1971; 
and Heiken, 19711 were perceptive and led to quantitative 
field techniques, theoretical considerations, and experimen- 
tal studies [e.g., Sheridan and Wohletz, 1981; Zimanowski et 
al., 1986; and Kokelaar, 19861. The identification of phe- 
nomenological commonality with industrial vapor explo- 
sions, especially those of concern to nuclear reactor safety 
[e.g., Marshall, 19861, has greatly enhanced the apprecia- 
tion of the physical controls of hydrovolcanism. However, I 
conclude that research has a long way to go in developing a 
hller understanding of hydrovolcanism, not only of its 
physical controls but also of its geochemical significance, 
especially in the submarine environment. 
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APPENDIX A. CALCULATION OF INTERACTION 
THERMODYNAMIC WORK 

The ratio of thermodynamic work to the magma's heat 
energy (in excess of ambient) is termed the conversion 
ratio, which is a measure of how dynamic a waterlmagma 
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interaction is. Passive interactions result in little pressure- 
volume work so that the conversion ratio is a few percent or 
less while explosive interactions may show conversion 
ratios reaching 20% or more. Explosive interactions that 
tend to keep the expanding water and magma fragments in 
constant contact and thermal equilibrium show higher con- 
version ratios than do those where the water separates from 
the magma during expansion. 

Calculation of thermodynamic conversion ratios as a 
function of R (waterimagma mass ratio) provides a theoret- 
ical basis for predicting the effects of hydrostatic pressure. 
These calculations begin with the following assumptions: 
(1) water is initially saturated (no vapor present); (2) all heat 
transferred from the magma during interaction is to the 
water (adiabatic boundary); (3) liquid water is incompress- 
ible; and (4) heat exchange is sufficiently rapid that water 
and magma reach an equilibrium temperature, Te, before 
the water expands: 

where T is temperature (subscripts e for equilibrium, w for 
water, and m for magma), and Cis specific heat, assumed to 
be constant (subscripts v for water at constant volume and m 
for magma). Because most of the water stays saturated dur- 
ing attainment of initial thermal equilibrium with magma, 
its specific heat is nearly constant between T,,, and T, and 
Eq. (A-1) also assumes this constancy. 

The Hicks-Menzies [I9651 assumption of rapid heat 
exchange includes the idea that water does not experience 
much volume change in reaching equilibrium with the melt 
so that volume terms can be ignored in the derivative of 
entropy: 

for which S is entropy, C, is the constant volume heat capac- 
ity, T is temperature, p is pressure and V is volume. Solving 
Eq. (A-2) for constant volume yields: 

where the subscripts i and e denote the initial (T ambient) 
and equilibrium states, respectively. 

T, and S, alone are not sufficient to predict other thermo- 
dynamic properties without further considerations. The 
rapid heating to initial equilibrium temperature and pressure 
can be idealized as isochoric (constant volume), but that 
idealization is only approached for shock compression of 

water at low pressure, and it does not allow for the creation 
of a vapor film at water/melt interfaces, which is docurnent- 
ed in MFCI experiments. Accordingly, for the calculated T, 
and Se values, equilibrium states of pressure, volume, and 
other thermodynamic parameters are determined by fitting 
polynomial hc t ions  to steam-table data [e.g., Haar et al., 
19841. Figure 5a shows water's initial equilibrium specific 
volume increasing with decreasing R; however, water's total 
volume fraction in the mixture decreases with decreasing R 
such that the effect on the mixture volume is always less 
than 10%. 

With the equilibrium state defined as a function of R, cal- 
culation of the final expanded thermodynamic state depends 
upon whether an isentropic fluid or isentropic mixture 
expansion path is followed during water expansion and the 
final pressure. For calculations, thejuid case just requires 
finding thermodynamic parameters for the desired final 
pressure at the equilibrium entropy (isentropic expansion). 
The mixture case is a bit more complex [Wohletz, 19861, 
requiring calculation of the slope of the expansion curve in 
temperature-entropy space and finding thermodynamic 
parameters for points (if any) where this curve intersects the 
saturation curve. The total work for the mixture calculation 
then becomes the sum of the work for each leg of the expan- 
sion path. 

The First Law of Thermodynamics provides a starting 
point for calculation of thermodynamic work: 

for which U is the energy of the system, Q is heat, W is 
thermodynamic work, p is pressure, and V is volume such 
that dW = -pdV. For a system at constant pressure, U = H 
- pV, dQ = C,dT, and - W = Uf - Ui, where H is enthalpy, 
Cp is the constant pressure heat capacity, and the sub- 
scripts f and i denote the final and initial states of the sys- 
tem, respectively. Furthermore at constant pressure, dU = 

dQ - pdV and Cp = dU/dT + p(dV/dT) = dQ/dT. 
Alternatively, for a system at constant volume, d U  = dQ, 
and C, = dU/dT = dQ/dT. 

Using the above thermodynamic relationships and the 
definition of an isentropic adiabatic process as one where 
dQ = 0, dW= dU, the mechanical work involved is dW= (Ui 
- Uf) so that 

For an isentropic mixture process involving magma and 
water (where m and w are their respective masses), thermo- 
dynamic work is the sum of heat transfer and internal ener- 
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gy change, -dW = dQ - dU, where heat transfer is dQ = 

(mCm + wC,)dT + pdV: 

integrating: 

-w= [(mCm + wC,)(Tf -T)1 

+ [Hf + X ~ H ;  -p(Vf +xfv;)l 

-[Hi +x,H,*-~(v, +X~Y*)I  

-[(Hf -pVf)-(Hj -PY)] 3 (-4-7) 

and combining terms: 

Expansion calculations for the steam dome involves spec- 
ification of pressure-dependent phase-change enthalpy, Ha,  
and volume V*, and calculation of steam fractions, X, by the 
ratio of entropy S over the phase-change entropy. Whereas 
calculation of the isentropic fluid case by adiabatic expan- 
sion is relatively simple, application of Eq. (A-8) requires 
careful consideration of thermodynamic path. If expansion 
does not go through the steam dome, phase-change terms do 
not apply so that one should use: 

Numerical implementation of this calculation involves 
steam-table lookups for which the author has written a com- 
puter program with built-in thermodynamic property calcu- 
lations that are accurate within 1 % of values listed in steam 
tables [Lemmon et al., 20011. This program may be down- 
loaded from the Internet by contacting the author. 
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